I. INTRODUCTION
There exist tremendous resources in the ocean. Their exploration has attracted global attention especially when land resources are becoming depletion [1] . Underwater wireless communications (UWC) serves as an important information retrieval means to uncover the ocean mysteries with the aid of advanced physical sensors and unmanned vehicles [2] . Yet the radio frequency communication system widely deployed over the ground can hardly be utilized due to very high attenuation by sea water [3] . Acoustic communication becomes the only commercially viable solution till now, but is limited in data-rate by the low channel bandwidth underwater and the long propagation delay of the acoustic signals [4] [5] [6] .
Underwater optical wireless communication (UOWC) in the blue/green transmission window (wavelength of 400nm-600nm) of water turns out to be an appropriate solution for real-time high-rate communication up to 1 Gbps in meters and 10 Mbps in hundreds of meters [7] [8] [9] . The advancements of low-cost and energy-efficient light sources such as LEDs and diode lasers can help to build compact miniaturized optical transceivers and deliver data, image, and even video services underwater [10, 11] .
In underwater conditions, optical signals are greatly scattered and absorbed by the water molecules and suspending particulates, such as chlorophyll, water soluble salt and mineral, etc. In existing UOWC approaches, the transmitter and receiver are largely considered in the lineof-sight (LOS) conditions [12, 13] . In practical scenarios, the communication link is usually obstructed by planktonic creatures, hills and rocks underwater. The non-line-of-sight (NLOS) communication techniques have to be developed. Relying on the reflection of light by the water surface is a feasible solution for an underwater transmitter to be connected with an underwater destination receiver behind the obstacle [14] .
In this paper, we propose to use the scattering light from the suspended particulates in the water to build an NLOS scattering communication link. The schematic diagram is shown in Fig. 1 . Of our particular interest are communication channel characteristics due to scattering and absorption. These include impulse response and path loss, crucial for communication data rate and received signal to noise ratio (SNR) performances. We also study how they vary with optical wavelength and show the optimum carrier value under different water conditions. II. SIMULATION MODEL We use the well-developed Monte Carlo (MC) ray tracing method [15] to obtain the path loss and impulse response of the NLOS scattering UOWC channel in the broad spectra. The key idea of the MC method is to treat the random multiple scattering process as a succession of random elementary events with specific probabilities [15] . In this method, the random variable of the scattering path length between two adjacent scattering centers can be expressed as [16] :
where U is the uniform random variable in the interval (0, 1), and c( ) =a( )+b( ) is the extinct coefficient, a( ) and b( ) are respectively the absorption coefficient and scattering coefficient as functions of the wavelength . When reaching the particulates, the light will be attenuated by particles's absorption, and also will deviate from its forward direction. Letting W pre and W post indicate the light intensities before and after scattering, respectively, we obtain:
The direction of the scattering lights can be sampled from the phase function defined by [17] : ( ) are, respectively, the specific scattering coefficients in square meters per gram for small and large particulate matter, C s and C l are, respectively, concentrations in grams per cubic meters of small and large particles, and the coefficients s n and l n are given in Table 1 of [17] .
The path loss and impulse response of the channel can be obtained by launching a large number of independent photons and recording the total attenuation of all photons at the receiver.
From Eqs(1)~(6), we can observe that the UOWC channel characteristics are essentially determined by the optical properties of water. The scattering and absorption properties of water, together with the scattering direction, are inherently wavelength dependent. To consider the optical properties over broad spectra, we follow the work of [18] , which use the water model of Haltrin [17] . In [17] , it shows that the optical properties of seawater can be well represented by the single parameter---chlorophyll concentration (CC)---in the whole transmission spectra band. Their wavelength dependent expressions can be found in [17] .
We consider that the transmitter and receiver are coplanar. At the receiver, we use a lens of diameter D=20 cm and a high speed photo-detector placed on its focal point. The channel's path losses for broad spectra in the transmission window band are given in Fig. 4 . For coastal water, the smallest path loss occurs around the wavelength of 480 nm~500 nm depending on inclination angle, indicating the optimum operation wavelength, while for harbor water, the optimum wavelength increases to 570 nm or around. This is because of the wavelength dependence of the scattering and absorption coefficients of water as illustrated in [18] . To get more knowledge about the performance of the NLOS scattering OUWC system, we would like to consider a simple communication case and evaluate its BER performance based on the simulation model presented before. We use the OOK modulation without error correction coding, PIN photon detector as the receiver, the parameters of which can be found in [19] . The wavelength is set as 530 nm. The results are given in Fig. 5 . Here only the thermal noise, which has been proven to be the dominant noise in the underwater condition [20] , is considered. If we set the threshold BER to be 10 
IV. CONCLUSION
Non-line-of-sight (NLOS) scattering channel characteristics are studied for underwater optical wireless communications. The wavelength dependent channel path loss and impulse response in the optical transmission window are modeled by the Monte-Carlo ray tracing technique. They vary with transmitter/receiver inclination angle, wavelength and water conditions. The optimum wavelength is observed for each condition from the numerical results.
